[1] Mesoscale eddies are observed each year in the South China Sea (SCS); however, their contributions to the biogeochemical cycles have never been systematically quantified. Here, we use a coupled three-dimensional physical-biogeochemical model to evaluate the eddy impact. We first track the modeled mesoscale eddies in the SCS and then analyze the biogeochemical responses to these eddies individually. Compared with the SCS basin mean, modeled depth-integrated (0-125 m) chlorophyll, zooplankton, new production, and silicate uptake are significantly enhanced in the cyclonic eddies and reduced in the anticyclonic eddies. Following the movements of the eddy center, temporal variations of phytoplankton community structure suggest that diatoms respond to cyclonic eddies strongly first and the responses last longer; then picoplankton grow after the diatoms. In the cyclonic eddies, modeled new production is 1.87 ± 0.37 mmol N m
Introduction
[2] The South China Sea (SCS) is the largest semienclosed marginal sea in the northwest Pacific (Figure 1 ). The SCS climate is part of the East Asia monsoon system [e.g., Liu and Xie, 1999; Gan et al., 2006] . In winter the SCS is dominated by strong northeasterly monsoon, whereas in summer the winds reverse direction to become southwesterly. The patterns and variations of the SCS circulation are driven by the monsoon system, frequent typhoons, seasonal incursions of the Kuroshio Current, freshwater inflows from the Pearl River and the Mekong River, and the SCS throughflow [e.g., D. Liu et al., 2008; Qu et al., 2009] . There is a basin-wide cyclonic gyre in winter, while in summer there is a cyclonic gyre north of about 12°N and an anticyclonic gyre in the south. Within these gyres, a number of mesoscale eddies were observed from both hydrographic and altimeter data [e.g., Chi et al., 1998; Hwang and Chen, 2000; Wang et al., 2003; Su, 2004; Wu and Chiang, 2007; Yuan et al., 2007; Chow et al., 2008; Wang et al., 2008; . In addition to the seasonal variability, the SCS circulation also shows interannual variation related to the El Niño-Southern Oscillation (ENSO) events [Kuo et al., 2004; Fang et al., 2006; . Specifically, the SCS circulation is connected to the East Asian monsoon system. Warm phase ENSO (El Niño) is often associated with weaker summer and winter monsoons. As a result of these monsoon anomalies, the SCS circulation generally experiences reduced winter circulation and anomalous warming in the sea surface temperature.
[3] Eddies are ubiquitous features throughout the ocean and can impact marine biology and biogeochemistry significantly [e.g., Falkowski et al., 1991; McGillicuddy et al., 1998 McGillicuddy et al., , 2007 Siegel et al., 1999; Chen et al., 2008] . Mesoscale eddies can affect the rates of nutrient supply to the euphotic zone through upwelling and downwelling, which further changes phytoplankton productivity and particle export to the deep ocean [Bidigare et al., 2003; Xiu et al., 2011] . Previous studies show that 10-50% of the global new primary production is caused by eddy-induced nutrient fluxes [Falkowski et al., 1991; McGillicuddy et al., 1998; Oschlies and Garcon, 1998; Siegel et al., 1999; Letelier et al., 2000; Oschlies, 2002; McGillicuddy et al., 2003] .
[4] In the SCS, a lot of efforts have been put into investigating the physical characteristics of mesoscale eddies, such as eddy numbers, eddy genesis locations, eddy formation mechanisms, eddy physical structures and so on [e.g., Chi et al., 1998; Hwang and Chen, 2000; Wang et al., 2003; Su, 2004; Jia et al., 2005; Wu and Chiang, 2007; Yuan et al., 2007; Chow et al., 2008; Zeng et al., 2010; Zhuang et al., 2010] . However, only limited studies concentrate on the biogeochemical impacts due to mesoscale eddies. Ning et al. [2004] observed a strong subsurface chlorophyll maximum inside a cyclonic eddy, and phytoplankton species succession from diatoms to dinoflagellates and cyanophytes due to the phosphorus depletion caused by an anticyclonic eddy. Chen et al. [2007] observed the enhanced phytoplankton productivity and different phytoplankton assemblages in a cyclonic eddy. Lin et al. [2010] studied a phytoplankton bloom produced by an anticyclonic eddy injection in the oligotrophic area of the northern SCS. Huang et al. [2010] indicated different phytoplankton community structures existing in two anticyclonic eddies that formed in two different origins. Nevertheless, these studies are based on a few cruises data, which are limited both in time and space. It is difficult to expand the results to the entire SCS basin or to long time scales.
[5] Physical-biogeochemical modeling provides a useful tool to address some of the questions about the impact of mesoscale eddies on marine ecosystems and carbon cycles at different scales. used a three-dimensional (3-D) coupled physical-biogeochemical model to investigate the eddy activities in the SCS during 1993-2007. They used the Okubo-Weiss method to track eddies on the basis of the modeled sea level anomaly (SLA). Their statistical results showed a good agreement with satellite observations in terms of eddy kinetic energy, eddy number, eddy-occupied area, and eddy occurrence possibilities. In this study, we use their model outputs to study the biogeochemical impacts due to mesoscale eddies in the SCS during 1993-2007 period. We will first investigate detailed biological structures of those eddies identified by individually and then elucidate the statistical results on a mean basis accordingly.
Models
[6] The model is a coupled 3-D physical-biogeochemical model. The physical model is based on the Regional Ocean Model System (ROMS), which solves the hydrostatic, primitive equations with horizontal curvilinear and vertical terrainfollowing coordinates [Wang and Chao, 2004; . The model domain is for the entire Pacific Ocean (45°S to 65°N, 99°E to 70°W). The horizontal resolution of the physical model is 1/8 degree and there are 30 levels in the vertical direction. In this study, we only use model outputs for the SCS domain (2°N to 26°N, 103°E to 122°E) (the model resolution is about 12 km in the SCS). See details about the physical model configuration in the work by . The biogeochemical model used here is based on the Carbon, Si(OH) 4 , and Nitrogen Ecosystem (CoSiNE) model developed by Chai et al. [2002] . The CoSiNE model includes silicate, nitrate, ammonium, two phytoplankton groups, two grazers, and two detrital pools. Below the euphotic zone, sinking particulate organic matter is converted to inorganic nutrients by a regeneration, in which organic matter decays to ammonium and then is nitrified to NO 3 .
[7] This coupled Pacific model configuration has been extensively evaluated in many different aspects. Liu and Chai [2009a] compared sea surface temperature, sea surface salinity, vertical chlorophyll, vertical nitrate, vertical silicate, and vertical primary production (PP) with in situ measurements conducted at the Southeast Asian Time Series Station (SEATS) in the SCS. Chai et al. [2009] compared the modeled total CO 2 and sea-to-air CO 2 flux with SEATS measurements. Xiu et al.
[2010] compared modeled eddy kinetic energy with altimeter data in the SCS. For regions other than the SCS, Liu and Chai [2009b] analyzed the general circulation and its impact on biological productivity in the Japan Sea. Fujii et al. [2009] examined seasonal and interannual variability of oceanic carbon cycling in the western and central tropical-subtropical Pacific.
[8] The model could reasonably reproduce the general spatial pattern of surface chlorophyll, such as the relatively high chlorophyll in the coastal region, the low-chlorophyll condition in the deep basin during monsoon transition season (spring), and the summer cold jet off the Vietnam coast induced by summer monsoon (Figure 2 ). Compared with Sea-viewing Wide Field-of-view Sensor (SeaWiFS) data, however, the model tends to underestimate chlorophyll concentration near the continental coast, which could be caused by the lack of nutrient input from rivers or the line source freshwater in the model. On the other hand, the high SeaWiFS data value might be unreliable owing to the strong interferences from suspended sediments and colored dissolved organic matter in these case II waters . For the SCS basin with water depth deeper than 200 m, modeled surface chlorophyll concentration agrees well with SeaWiFS data in terms of seasonal and interannual variations (Figure 3) . [9] There are about 32.9 mesoscale eddies (52% being cyclonic eddies) tracked each year in the SCS . To estimate the biogeochemical impact due to these eddies, we examined the detailed structures of the eddies individually. We will present one typical cyclonic eddy (CE1) and one typical anticyclonic eddy (ACE1) in this paper. To be consistent with previous studies, we focus on the mesoscale eddies with a radius larger than 45 km and a life history longer than 30 days in the SCS basin region (defined as where water depth is deeper than 1000 m).
Results

Physical Properties in Cyclonic Eddies
[10] On 9 August 2005, a cyclonic eddy (CE1) was detected from SLA image with a radius of about 45.2 km and a SLA magnitude of 24 cm (defined by SLA difference between eddy center and periphery), locating around 12.3°N, 110.1°E off the central Vietnam coast (Figure 1a) . It is worth to mention that CE1 could probably form a few days earlier because 9 August is only the time when CE1 is large enough to meet our eddy criteria. This cyclonic eddy lasted for 55 days and disappeared in the central SCS basin on 2 October.
[11] Contours of modeled temperature, salinity, nitrate, silicate, and their anomalies along the south to north cross section for CE1 on 9 August are shown in Figure 4 . The anomaly of a specific variable is calculated at a given depth as the value difference between eddy center and periphery. Temperature contours show an intense doming of isothermal surfaces at the center of CE1 (Figure 4a ). Temperature anomaly profile confirms a subsurface cold-core feature at about 75 m depth, following the 18°C isotherm at the center (Figure 4b ). The center of the doming is roughly between 12°N and 12.5°N, which is consistent with the eddy center identified from SLA map at the surface (12.3°N). The 18°C isotherm surface shows that the doming uplifts vertically about 70 m from the edge to the center. Temporal variations of vertical anomaly profile at CE1 center indicate that the vertical location of the cold core is relatively stable, approximately at 75 m (Figure 4c ). During the eddy propagation, two strong anomaly centers of −7°C showed up around 15 August and 8 September, suggesting two peaks in eddy upwelling intensity. The temperature anomalies intensified from 9 to 15 August and became weaker afterward. After reaching a local minimum on 21 August, the anomalies intensified again and experienced the second peak on 8 September. [12] Vertical sections of salinity for CE1 also show a similar doming of isohalines as those for isotherms (Figure 4d ). There is a large area with high salinity (>34.7) spanning from 70 to 150 m at the eddy center. The salinity anomaly contours show a slightly different feature from the temperature anomaly profile (Figure 4e ). There is evidence of a high positive region from the surface to about 100 m, and a deeper region with large negative values, which is caused by the existence of subsurface salinity maximum. Temporal variations of salinity anomalies show that the vertical extents of these two regions are well maintained above and below 100 m (Figure 4f ). Similar to the temperature profile, the salinity anomalies in both positive and negative regions reached their peaks around 8 September. After that, another large anomaly center formed in the positive region at the end of the eddy tracking around 26 September, while there was no clear indication of a negative salinity region below.
Biogeochemical Properties in Cyclonic Eddies
[13] The modeled nitrate shows enhanced concentration at CE1 center (Figure 4g ). The isopleths shoal toward the center similar to the isopycnals, implying that the nitrate distribution is strongly influenced by the upwelling induced by the eddy. Figure 4i ). Besides those two peaks found on 15 August and 8 September from temperature data, anomalously enhanced nitrate concentrations were also noticeable on 27 August and 18 September. From 23 September on, the nitrate concentration started to decrease and the corresponding depth of 7.0 mmol N m −3 isopleth dropped about 37 m within six days.
[14] Silicate contours also show nutrient enrichment at the eddy center similar to those for nitrate ( Figure 4j ). The doming of the contours is found to be skewed to the north in the deeper region of the eddy, but still between 12°N and 12.5°N. Anomaly contours confirm the existence of enhanced concentration at the eddy center, with values higher than 10.0 mmol Si m [15] Phytoplankton functional groups are composed of picoplankton and diatoms in the model. Both picoplankton and diatoms take up nitrate for their growth. The diatoms also utilize silicate for their silicification process. On 9 August, picoplankton and diatom biomass show identical features with significantly high values present close to 12°N that is south of the eddy center identified from nitrate and silicate concentrations ( Figure 5 ). The maximum response of phytoplankton occurring around the eddy center, not exactly at the center but still within the eddy core. Both picoplankton and diatom are more abundant in the upper few meters. The vertical extent of 0.2 mmol N m −3 contour for picoplankton is about 30 m (Figure 5a ), while for diatom it could reach 60 m ( Figure 5d ). This is mainly due to the sinking of diatoms factored in the model, with 1 m d −1 constant sinking speed. The anomaly contours also confirm that the highphytoplankton biomass center is present to the south of the eddy center. Positive anomaly cores are found for both picoplankton and diatoms (Figures 5b and 5e ). The vertical locations of these two cores span from 30 to 50 m, which are much shallower than the cores identified by temperature, salinity, and nutrients. Temporal variations of phytoplankton community structure anomaly indicate diatoms respond to cyclonic eddies strongly first and the responses last longer, then picoplankton grow after the diatoms (Figures 5c and 5f ). Picoplankton shows a positive peak on 27 August in the upper 20 m. However, we do not see clearly enhanced picoplankton anomalies on 15 August and 8 September when nitrate anomaly peaks appeared. Different from picoplankton, diatom anomalies show two distinct positive peaks on 15 August and 26 September. The peak on 15 August mainly occurs in the upper 20 m that is related to the elevated nitrate and silicate, and the peak on 26 September at around 50 m depth might be caused by the sinking of diatoms due to the silicate peak around 18 September.
[16] New production and regenerated production are also enhanced at CE1 center, but are only limited to the upper 60 m, which is consistent with the range of positive anomalies for picoplankton and diatoms (Figures 5g and 5j) . Different from phytoplankton biomass, however, no subsurface maxima of production anomalies can be found (Figures 5h and 5k ). Temporal variations of new production anomalies show two positive cores on 15 August and 27 August, which are associated with the combination of variations in both picoplankton and diatoms (Figure 5i ). Regenerated production, which is connected with microzooplankton and mesozooplankton excretion, shows a strong peak on 27 August and a weak one around 18 September (Figure 5l ). [17] The detrital pools are split into detrital nitrogen and silicon in order to balance supplies of nitrogen and silicon through the upwelling and vertical mixing in the model. On 9 August, both detrital nitrogen and silicon contours show elevated values in the subsurface layer between 12°N and 12.5°N (Figures 6a and 6c) . Anomaly data confirms the existence of positive cores at about 40 m and 50 m for detrital nitrogen and silicon, respectively (Figures 6b and 6d) . Temporal variations indicate that detrital silicon sinking is much faster than detrital nitrogen inside the eddy owing to the larger size and faster sinking speed (25 m d −1 for detrital silicon, and 15 m d −1 for detrital nitrogen) (Figures 6e and 6g ). Considering the 0.05 mmol N m −3 isopleth of detrital anomalies, it takes about 19 days for nitrogen and about 11 days for silicon to reach 300 m depth (Figures 6f and 6h ).
Physical Properties in Anticyclonic Eddies
[18] On 16 December 2005, an anticyclonic eddy (ACE1) was detected from SLA image with a radius of about 48.9 km and an approximate center locating at 13.2°N, 118.6°E in the southeast of the SCS (Figure 1b ). This eddy lasted for 67 days and disappeared on 22 February 2006. On 16 December, the temperature contours show a concave shape, with high temperature at ACE1 center and low values at the edge (Figure 7a ). The depth of 26°C isotherm at the eddy edge is around 60 m, while it is pushed down to 110 m at the eddy center. Temperature anomaly profile confirms a subsurface warm-core feature at about 140 m depth, which is 2°C warmer than its ambient waters (Figure 7b ). The 1°C isotherm could reach as deep as 300 m. Temporal variations of temperature anomaly indicate the warm core maintains its vertical location around 140 m depth during ACE1 propagation (Figure 7c ). Two 4°C anomalies appeared around 28 December and 11 January, respectively, suggesting two peaks in eddy downwelling intensity.
[19] Vertical sections of salinity also show a similar concave feature of isohalines (Figure 7d ). The salinity anomaly contours indicate a negative core at about 100 m depth at ACE1 center, induced by the strong downwelling that brings lowsalinity surface water into the high-salinity subsurface region (Figure 7e ). Temporal variations of salinity anomalies show that the negative core was present between 100 and 120 m, which is shallower than the temperature core (Figure 7f ).
Biogeochemical Properties in Anticyclonic Eddies
[20] The vertical distribution of nitrate concentration is significantly affected by the downwelling as shown in Figure 7g . The nitrate contours follow a concave shape, with disappeared on 23 January. The impact of eddy on nutrient distributions is not significant in the upper 80 m during ACE1's lifetime, especially after 2 January when the value of nitrate anomaly approached to zero.
[21] Similar to nitrate, silicate contours also show a bowl shape (Figure 7j ). Anomaly data indicate that silicate concentrations are lower at the eddy center than in the ambient waters, especially at depth deeper than 90 m (Figure 7k) . The −4.0 mmol Si m −3 isopleth at the eddy center could reach as deep as 300 m. Two anomaly peaks located at 150 m (<−9.0 mmol Si m −3 ) occurred around 25 December and 8 January that were in the same period as the nitrate anomalies (Figure 7l ).
[22] The response of phytoplankton to the anticyclonic eddy is not as strong as that in the cyclonic eddy, especially in the upper layer. For this particular anticyclonic eddy, ACE1, phytoplankton biomass at the eddy center is almost the same as that in the ambient waters for the upper 60 m, owing to the evenly distributed temperature, salinity, and nutrients. Below 60 m, however, phytoplankton biomass at the eddy center is significantly lower than that in the ambient waters, as a result of the nutrient limitation caused by the downwelling at the eddy center. Distributions of detrital nitrogen and silicon follow a similar pattern as the phytoplankton biomass. The strongest negative anomalies are present at about 80 m, and the anomalies are close to zero in the upper 60 m.
Spatial Impact of Eddies
[23] In order to clearly elucidate and emphasize the impact of eddies in the SCS, we focus on the whole euphotic zone (upper 125 m in this study), where most biological activities take place. Figure 8 gives the spatial distributions of monthly mean concentrations of nitrate and silicate at 125 m during August 2005. We only show the monthly map because longer time average will eliminate the effects of eddies due to the complicated trajectories and short lifetime. Nutrient concentrations in the areas occupied by cyclonic eddies clearly exhibit higher values than in other areas, indicating more nutrients are brought into the euphotic zone owing to the upwelling. Conversely, locally decreased values of nutrient concentration are found in the anticyclonic eddy areas as a result of the downwelling that pushes nutrients out of the euphotic zone. These vertical nutrient transport caused by eddies directly lead to variations in phytoplankton production (Figure 8c ). In the cyclonic eddy areas, higher concentrations of chlorophyll are confirmed owing to the nutrient injections into the euphotic zone through upwelling. While in the anticyclonic eddy areas, concentrations of chlorophyll are shown to be relatively low owing to the reduced nutrients. In the model, microzooplankton graze on picoplankton and mesozooplankton feed on diatoms, microzooplankton, and detritus. As a consequence, depth-integrated total zooplankton biomass experiences a similar feature to the chlorophyll concentration, with high values in the cyclonic eddy areas and low values in the anticyclonic eddy areas (Figure 8d) .
[24] The depth-integrated new production and regenerated production are also enhanced (reduced) in the region where cyclonic (anticyclonic) eddies are active (Figure 9 ). The new production of phytoplankton is mainly driven by nutrients in the euphotic zone, thus, variations in new production are largely determined by the availabilities of nitrate and silicate within the euphotic zone, which are affected by the upwelling (downwelling) induced by cyclonic (anticyclonic) eddies (Figure 9a ). Regenerated production fuelled by ammonium is closely related to the zooplankton biomass. As a consequence, spatial distribution of regenerated production resembles the pattern of zooplankton, showing high values in the cyclonic eddy areas and low values in the anticyclonic eddy areas (Figure 9b ). Silicate uptake by diatoms indicates that cyclonic (anticyclonic) eddies are more (less) efficient in consuming silicate than mean conditions as large amount of silicate is brought into (out of) the euphotic zone by cyclonic (anticyclonic) eddies (Figure 9c ). Given the enhanced (reduced) production and uptake rate in the euphotic zone, detrital nitrogen export at 125 m depth is observed to increase (decrease). More (less) particulate matter is exported out of the euphotic zone in the cyclonic (anticyclonic) eddy areas than in mean conditions (Figure 9d ).
Interannual Variability
[25] The SCS experiences strong interannual variation attributable to the changes in sea surface forcing and exchanges between the SCS and the Pacific Ocean [Fang et al., 2006 . This value is comparable to those reported by previous studies (Table 1) −2 in the northern SCS, including coastal and shelf regions. In the cyclonic eddy region, our modeled depth-integrated chlorophyll is 20.2 ± 2.7 mg m −2 , which is much higher than the SCS basin averaged value. In the anticyclonic eddy region, depth-integrated chlorophyll reduces to 12.3 ± 2.4 mg m −2 .
[26] These three time series experience strong interannual variations (Figure 10c ). For example, the highest SCS basin mean chlorophyll occurs in 2000 with a value of 19.0 mg m −2 , and the lowest occurs in 1998 with a value of 11.5 mg m −2 that is 39% lower than in 2000. This low-chlorophyll condition in 1998 is consistent with surface chlorophyll concentration, which has been confirmed to be associated with anomalously high SST, weak wind stress, and weak Ekman pumping in summer attributable to the El Niño condition [Zhao and Tang, 2007] . In contrast, strong wind stress during the cold ENSO phase in 2000 leads to intensified Ekman pumping and subsequent nutrient supply, resulting in high-chlorophyll condition. This pattern has been suggested by Liu and Chai [2009a] , which indicated that the temporal and spatial variations in the primary production and particulate organic carbon export flux show close relationships with upwelling dynamics and the interannual variation of the upwelling dynamics in the SCS basin is further dominated by the variability of monsoons and local wind forcing. In the cyclonic eddy region, modeled lowest chlorophyll, 12.5 mg m [27] Depth-integrated zooplankton biomass also shows distinct differences among cyclonic eddies, anticyclonic eddies, and the SCS basin mean (Figures 10b and 10d) . Abundant phytoplankton in the cyclonic eddies leads to much higher zooplankton biomass of 6.49 ± 1.9 mmol N m −2 than the SCS basin mean of 3.87 ± 0.8 mmol N m , stays low as expected.
[28] Depth-integrated silicate uptake rate by diatoms ranges from 1.0 to 1.92 mmol Si m −2 d −1 , with a mean of 1.58 ± 0.23 mmol Si m −2 d −1 for the SCS basin averaged value (Figure 11a ). The mean value for the cyclonic eddies is slightly higher, 1.98 ± 0.39 mmol Si m −2 d −1 , and the mean value for the anticyclonic eddies is 1.15 ± 0.27 mmol Si m −2 d −1 , implying cyclonic (anticyclonic) eddy is a high (low) efficiency system for diatoms to consume silicate relative to normal conditions. Anomaly data of these three time series exhibit a similar pattern to the variations of depth-integrated chlorophyll, indicating an important role of silicate uptake to phytoplankton growth. Significantly low silicate uptake rate still occurs in 1998 (Figure 11c) . High values are found in 2000 and 2006 for both cyclonic eddies and the SCS basin mean. Anticyclonic eddies, slightly different, show high values in 1994, 1999 and 2006 . Both the chlorophyll concentration and silicate uptake data indicate that the influence of El Niño condition on cyclonic eddies is much stronger than on anticyclonic eddies.
[29] The modeled depth-integrated new production in the cyclonic eddies are much higher than in the anticyclonic eddies (Figure 11b ). The new production for the SCS ranges from 0.92 to 1.75 mmol N m −2 d −1 with a mean value of 1.46 ± 0.2 mmol N m −2 d −1 . When converted to carbon unit (using C/N ratio of 7.3) for yearly production, it gives a mean value of 46.7 g C m −2 yr −1 . This value falls reasonably within the range of the observations (Table 1) Wong et al. [2007] suggested that new production in the SCS is affected by the source of nutrients into the euphotic zone through episodic vertical mixing induced by mesoscale eddies, but to what extent is unknown. Our model results provide a view to this impact quantitatively. In the cyclonic eddy region, the new production is modeled as 1.87 ± 0.37 mmol N m
, which is 28% higher than the SCS basin mean. In the anticyclonic eddy region, the new production is 1.0 ± 0.23 mmol N m −2 d −1 , which is about 32% lower than the SCS basin mean. The new production also experiences strong interannual variability that is similar to the variations in depth-integrated chlorophyll and silicate uptake rate (Figure 11d ). Strong El Niño condition in 1998 is associated with significantly low new production, especially for cyclonic eddies.
[30] As the productions are significantly enhanced (reduced) in cyclonic (anticyclonic) eddies, detrital nitrogen and silicon export at 125 m depth also show similar features (Figures 12a  and 12b ). The modeled detrital nitrogen export for the SCS basin mean is 0.59 ± 0.07 mmol N m
. When converted to carbon unit and integrated over a year, it is about 18.9 g C m , which is about 31% lower than the SCS basin mean. Wong et al. [2007] suggested the export production range of 14-25 g C m −2 yr −1 in the SCS. The modeled export fluxes for the cyclonic and anticyclonic eddies both fall out of this range, implying that mesoscale eddies might be an important nontraditional source affecting carbon cycling in the SCS. The modeled detrital silicon export at 125m for the SCS ranges from 0.57 to 0.99 mmol Si m
, with a mean of 0.82 ± 0.11 mmol Si m
. So the Si/N export ratio for the SCS basin is estimated to be around 1.4. In the cyclonic eddies, the detrital silicon export is enhanced to 1.14 ± 0.2 mmol Si m
, which is about 39% higher than the SCS basin mean. On the other hand, the detrital silicon export reduces to 0.57 ± 0.12 mmol Si m −2 d −1 in the anticyclonic eddies. The interannual variabilities of detrital matter export for the cyclonic eddies, anticyclonic eddies, and SCS basin mean are found to be consistent with variations of new productions (Figures 12c and 12d) . Anomalously low value occurs in 1998 and high values occur in 1994, 1999-2000 and 2005-2006. 
Discussion
[31] Mesoscale eddies are ubiquitous oceanic features that may undergo vigorous physical and biological evolutions. In the SCS, biogeochemical responses to mesoscale eddies are very complicated. For example, Chen et al. [2007] found enhanced production inside a cyclonic eddy. Lin et al. [2010] observed a phytoplankton biomass enhancement produced by an anticyclonic eddy. On the other hand, Huang et al. [2010] noticed that depth-integrated chlorophyll in an anticyclonic eddy was similar, sometimes lower than that measured in their reference eddy-free site. These studies mainly focus on one individual eddy owing to the paucity of in situ observations. However, it is extremely difficult to extrapolate these findings to the entire SCS or to a longer time scale to evaluate the biological influences of eddies. Our model results indicate that responses of biogeochemical processes to cyclonic eddies and anticyclonic eddies are generally in the opposite direction. Upwelling induced by the cyclonic eddy brings waters of low temperature and high nutrients into the upper layer. In the euphotic zone, enhanced nutrients could increase the rates of biological productivity, influence the phytoplankton community structure, and further enhance particle export to the deep ocean. For the anticyclonic eddy associated with downwelling, water column in the euphotic zone is pushed down. As a result, there is a relatively weak ecosystem response in the upper layer, but reduced biological productivity is still found over the entire euphotic zone. Overall, considering similar number of cyclonic and anticyclonic eddies formed each year , the averaged value of cyclonic and anticyclonic eddies in terms of depth-integrated chlorophyll, new production, silicate uptake, etc. is close to the SCS basin mean. However, it is worth to note that this does not indicate zero biological impact by total eddies (both cyclonic and anticyclonic ones) because the SCS basin mean we used as a reference is not the truly eddy-free and calm background. We will further discuss this issue in the later paragraphs.
[32] In order to evaluate our model results qualitatively, Figure 13 shows the temporal variation of SeaWiFS sensed surface chlorophyll during 1997-2007. Black line is for the SCS basin averaged value. Blue line is the mean chlorophyll where SLA is lower than −4 cm, and red line is the mean chlorophyll where SLA is higher than 4 cm (SLA data come from Archiving, Validation, and Interpretation of Satellite Oceanographic data, AVISO). We can only use these criteria (SLA < −4 cm or SLA > 4 cm) to qualitatively represent eddies (blue for cyclonic eddies, and red for anticyclonic eddies), since there are also other physical features included, such as coastal upwelling, Kuroshio intrusion, winter mixing, etc. Nevertheless, the satellite results are consistent with our model results. Enhanced productions are found in cyclonic eddies and slightly reduced productions are found in anticyclonic eddies when compared with the SCS basin averaged value. SeaWiFS chlorophyll is only for the surface, therefore, its response to anticyclonic eddies is not as strong as our vertically integrated results, but it is comparable with our modeled surface response to anticyclonic eddies.
[33] Averaged new production enhancement by cyclonic eddies is estimated to be around 28%, which is in agreement with the range from previous studies in other oceans (Table 2) . But when compared with those in situ studies on individual eddies such as Chen et al. [2007] , our estimate is relatively low. The discrepancy could be related to the different methods used to define and track eddies.
[34] The typical mesoscale eddy often goes through different stages during its whole life, such as developing, mature, and decay stages. As a consequence, the eddy impact to the local biogeochemistry would also change accordingly. Our study focuses on the mean impact of all the eddies during their whole life. Therefore, the eddy contribution is expected to be lower than those in situ measurements that are usually conducted within a short period.
[35] In this study, we do not compare eddies with the reference area where influence of eddies and other features are excluded, instead, we compare them with the SCS basin averaged value, which not only includes all the mesoscale eddies, but also includes other features, such as coastal upwelling, Kuroshio intrusion, winter mixing, etc. ranging in different temporal and spatial scales. Consequently, the eddy contribution calculated in this work is on a mean basis over the entire SCS deep basin, which is significantly different from other studies using a local eddy-free area as a reference.
[36] For one individual eddy, we only consider the eddy core area. By doing so, we focus on the main impact caused by these eddies. Other submesoscale features usually happening around the periphery of eddy core that could induce strong upwelling/downwelling are not considered.
[37] We concentrates on all the eddies over the entire SCS basin. These eddies are known to originate from different locations such as Kuroshio Current, Vietnam upwelling, and central basin etc. and their formation are due to different mechanisms, such as wind jet, coastal upwelling, and topography etc. . Therefore, the eddy properties would be different from those in situ studies on one particular eddy like Chen et al. [2007] , who examined the eddy around Luzon Strait.
[38] It has been widely accepted that cyclonic eddies could enhance the biological productivity owing to the strong upwelling in the eddy core [e.g., Falkowski et al., 1991; McGillicuddy et al., 1998; Oschlies and Garcon, 1998; Siegel et al., 1999; Chen et al., 2007] . But for anticyclonic eddies, there are always uncertainties regarding to the eddy effect. If the anticyclonic eddy is nonlinear, formed in the coastal regions and eventually moves into oligotrophic water, it can carry coastal high-nutrient water into low-nutrient region, leading to the locally enhanced primary production [Lin et al., 2010; Xiu et al., 2011] . But even in this situation, enhanced production is not always observed during the whole lifespan of the eddy depending on if there are enough nutrients in deep waters to sustain the high productivity in the euphotic zone. If the anticyclonic eddy is linear with strong water mass exchange between the eddy and surrounding waters while it moves, it will be difficult to observe locally enhanced production inside the eddy core. Instead, one might observe reduced productivity in the eddy core due to the downwelling, especially when we choose SCS mean as a reference. Lin et al. [2010] found enhanced production in an anticyclonic eddy when compared with surrounding oligotrophic waters. We suspect their results would be different if compared with the SCS basin mean. In our model, we occasionally observe enhanced production inside an anticyclonic eddy core, but it is too weak to compare with the temporal and spatial mean conditions.
[39] In the upper ocean, biological productions are largely governed by the nutrient availability. In the coastal region of the SCS, benthic nitrogen fluxes due to the sedimentary remineralization are thought to be another source [Liu et al., 2007] . Wong et al. [2007] suggested that nitrogen fixation and vertical mixing through the mesoscale eddies might be possible sources of the nutrients to the euphotic zone in the central SCS. As discussed earlier, on a mean basis, cyclonic (anticyclonic) eddies are shown to be more (less) efficient in terms of nutrients uptake and detritus export than the normal conditions. From the model results, we estimate about 8.6 × 10 14 mmol N nitrate and 9.3 × 10 14 mmol Si silicate consumed each year in the SCS basin (Table 3) . Of these numbers, about 4.9 × 10 13 mmol N nitrate are used in the cyclonic eddies, and about 3.2 × 10 13 mmol N are used in the anticyclonic eddies. Thus, given the 4.4% area occupation, cyclonic eddies contribute about 5.7% of the total nitrate uptake in the SCS. While anticyclonic eddies occupying 5.5% area, only contribute 3.7% of the total nitrate uptake, implying a reduced effect comparing to SCS mean condition. Considering an extreme situation if we assume all the anticyclonic eddies to be cyclonic ones, then the contribution for nitrate uptake due to cyclonic eddies could reach 13% of the total SCS new production. As there are strong seasonal and spatial variations of eddy activities, eddy contributions to the SCS nutrients uptake may also vary seasonally and spatially.
Conclusions
[40] A coupled 3-D physical-biogeochemical model, ROMS-CoSiNE, has been used to evaluate the role of mesoscale eddies in regulating biological productivity and export flux in the SCS for the period 1993-2007. The main results from this modeling study are summarized as follows: (1) The model can produce detailed nutrient dynamics and phytoplankton community structures for both cyclonic and anticyclonic eddies. (2) Following the movements of the eddy center, temporal variations of phytoplankton community structure suggest that diatoms respond to cyclonic eddies strongly first and the responses last longer; then picoplankton grow after the diatoms. (3) The modeled depth-integrated (0-125 m) chlorophyll, zooplankton biomass, new production, silicate uptake, detrital nitrogen, and silicon export at 125 m depth are all enhanced (reduced) in the cyclonic (anticyclonic) eddies compared to SCS basin mean. (4) Anomalously low magnitudes are found during El Niño condition in 1998 for both of the eddies and the SCS basin mean in terms of depth-integrated chlorophyll, zooplankton biomass, new production, silicate uptake, detrital nitrogen, and silicon export. Moreover, our results indicate the influence of El Niño condition on cyclonic eddies is much stronger than on anticyclonic eddies.
[41] Overall, our results strongly support that mesoscale cyclonic eddies in the SCS are important sources of nutrients to the euphotic zone, and therefore play a significant role in regulating biological productivity and the carbon cycle of the SCS. 
